OBJECTIVE To investigate the suitability of intramuscular testosterone undecanoate (TU) injections for substitution therapy in hypogonadal men. STUDY DESIGN Clinical, open-label, non-randomized trial of 13 hypogonadal men receiving 4 intramuscular injections of 1000 mg TU in 4-ml castor oil at 6-week intervals. General wellbeing, sexual parameters, clinical chemistry, hormone levels, prostate size and prostate-speci®c antigen (PSA) were evaluated over 24 weeks and compared with baseline values. RESULTS Testosterone serum levels were never found below the lower limit of normal and only brie¯y after the 3rd and 4th injection above the upper limit of normal, while peak and trough values increased over the 24-week observation period. Oestradiol and dihydrotestosterone followed this pattern, not exceeding the normal limits. No serious side-effects were noted. Slight increases in body weight, haemoglobin, haematocrit, prostate volume and PSA, suppression of gonadotrophins as well as increased ejaculation frequency occurred as signs of adequate testosterone substitution. CONCLUSION Testosterone undecanoate is well tolerated by the patients. The injection intervals can be extended even beyond the 6-week periods chosen in the present study. Altogether, intramuscular testosterone undecanoate appears to be well suited for long-term substitution therapy in hypogonadism and hormonal male contraception.
In male hypogonadism, testosterone (T) substitution is required to prevent or reverse the symptoms of androgen de®ciency. For this purpose a range of T preparations is available, of which testosterone enanthate (TE) and testosterone cypionate (TC) are most widely used. Intramuscular injections of 200±250 mg have to be administered every 2 weeks to achieve serum T levels above the lower limit of normal (Synder & Lawrence, 1980; . Patients dislike the relatively frequent injections and feel uncomfortable due to the high serum T levels occurring shortly after the injections and the relatively low serum T levels before the next injections. While subdermal T implants may last for 4±6 months, they are not well accepted since they require minor surgery for insertion and are occasionally extruded (Jockenho Èvel et al., 1996; Nieschlag, 1996; Handelsman, 1998) . T buciclate has been demonstrated to provide constant serum T levels in the lower normal range for at least 12 weeks in hypogonadal men and in contraceptive trials . However, despite its favourable pharmacokinetics and lack of sideeffects, its development towards a marketable product lacks progress. Orally administered testosterone undecanoate (TU) provides short-lived serum T levels so that 3 daily doses are required to ensure substitution of hypogonadism . Transdermal T provides physiological serum levels and has demonstrated its suitability for long-term substitution (Behre et al., 1999b) . It has particular advantages for the treatment of older hypogonadal men . However, patients may dislike the visibility of the patches and the attention this treatment requires. Therefore, a long-acting T preparation is lacking in the spectrum of clinically available substitution modalities.
From studies in China (Wang, 1991) and single-dose pharmacokinetic studies in monkeys (Partsch et al., 1995) and in men (Behre et al., 1999a) it appeared that TU injected intramuscularly might represent such a long-acting T preparation. We report here the results of repeated TU injections in hypogonadal men.
the University and the State Medical Board, Mu Ènster. The study was conducted in agreement with the Declaration of Helsinki and in accordance with Good Clinical Practice (GCP). Written informed consent was obtained from each patient.
Baseline serum T levels were below 10 nmol/l in all patients. Previous androgen replacement therapy in 10 of 14 patients was discontinued at least 4 weeks before the study was begun (Table  1) . Clinically relevant abnormalities in blood biochemistry, haematology, urinalysis or severe acute or chronic illnesses in the general medical history or alcohol/drug abuse served as exclusion criteria.
Thirteen patients completed the study while 1 had to interrupt therapy due to reasons unrelated to T treatment. Seven of these patients had primary hypogonadism due to Klinefelter's syndrome (n 2), anorchidism after orchidectomy due to bilateral testicular tumours (n 4) or testicular failure following atrophy (n 1). The remaining patients had secondary hypogonadism resulting from exstirpation of a craniopharyngioma (n 1), hypopituitarism (n 2) Kallmann's syndrome (n 2) or idiopathic hypogonadotrophic hypogonadism (n 1) ( Table 1) .
Testosterone preparation
TU was administered in castor oil at a concentration of 250 mg/ ml. Each injection of 1000 mg (4 ml) was administered intramuscularly. The preparation was provided by Jenapharm GmbH & Co. KG, Jena, Germany (Behre et al., 1999a) .
Study design
The study was an open-label, clinical, non-randomized study. During the screening phase all patients were examined 2 weeks and 1 week before treatment started. In addition to physical and genital examination, blood samples were drawn for biochemical, haematological and hormonal investigations. Furthermore, sonography of both testes was performed in the non-orchiectomized patients and all patients underwent sonography of the prostate. A sexual questionnaire provided information about wellbeing and sexual activity before the study. During the treatment phase 1000 mg TU were administered intramuscularly in the musculus gluteus medius on days 0, 42, 84 and 126. The 4-ml injections were given slowly in order to avoid discomfort. Patients were seen at weekly intervals from week 0 to week 30. Blood samples for hormonal measurements were drawn weekly. One week before each injection biochemical blood parameters, haematology and clotting were monitored. On injection days transrectal sonography of the prostate was performed. One week after each dose the injection site was inspected. The observation interval after the 4th injection of 1000 mg testosterone undecanoate lasted for 6 weeks (day 168 of the study) with visits at weekly intervals. After day 168 a detailed ®nal 758 E. Nieschlag et al. examination was performed with physical and genital examination and prostate sonography.
Measurements and assays
Venous blood samples were taken at the intervals described. Samples were separated at 800 g and serum stored at À 208C for endocrine determinations. Biochemical parameters, haematology and urinalysis were evaluated at the Central Laboratory of the University of Mu Ènster.
Serum levels of LH, FSH, SHBG and PSA were determined by highly speci®c time-resolved¯uoroimmunoassays (Del®a, Pharmacia, Freiburg, Germany). The lower detection limits for LH, FSH, SHBG and PSA were 0´12 IU/l, 0´25 IU/l, 6´3 nmol/l and 0´5 mg/l, respectively. The intra-and inter-assay coef®-cients of variation for LH were 2´1% and 5´6%, FSH 1´6% and 3´8%, for SHBG 1% and 9´7% and for PSA 2´2% and 10´2%, respectively. The normal range in our laboratory for LH is 2± 10 IU/l and for FSH 1±7 IU/l. Serum T was determined using a commercial radioimmunoassay (DSL-4100, Diagnostic Systems Laboratories, Sinsheim, Germany). Intra-and inter-assay coef®cients of variation were 5´0 and 12´6%, respectively. The normal range for unextracted serum T is 12±35 nmol/l. DHT was measured by radioimmunoassay (DSL 9600) with intra-and inter-assay coef®cients of variation of 4´7% and 5´4%. Oestradiol was measured by highly speci®c time-resolved¯uoroimmuno-assays (DELFIA, Pharmacia, Freiburg, Germany) with a lower detection limit of 37 pmol/l. Intra-and inter-assay coef®cients of variation were 3´8% and 5´8%, respectively. The upper normal range for oestradiol is 250 pmol/l. All analytical methods were executed and documented in accordance with the principles of Good Laboratory Practice (GLP).
Evaluation of wellbeing and sexual function
For evaluation of psychosexual effects of the treatment, our previously described questionnaire on frequency of morning erections and ejaculations was used .
Prostate
Prostate size and pattern was assessed before and after the study and on the injection days by transrectal sonography with a 7´5 MHz sector scanner (Siemens Endo-P scanner) (Behre et al., 1994) .
Statistics
Signi®cant variations over time of any variable were evaluated by analysis of variance for repeated measures. In case of a general effect over time, values at single time points were analysed in more detail using the Bonferroni multiple comparison test. When necessary, analysis was performed on logarithmically transformed data. P-values < 0´05 were considered signi®cant. Unless otherwise stated, results are given as mean 6 SEM.
Results
All patients tolerated the injections well despite the large injection volume. No patient reported any swelling or any induration at the injection site. One patient observed slight redness at the injection site once on day 7 and 2 further patients mentioned mild tenderness on day 49 (7 days after 2nd injection) and on day 91 (7 days after 3rd injection), respectively. No patient observed spontaneous pain, dysfunction or impaired wellbeing. Two patients developed slight facial acne and 1 also on the breast. One patient developed a very mild gynaecomastia and 2 patients observed tenderness of the breasts without gynaecomastia. Three previously untreated patients altered their infantile appearance by development of beard and other sexual hair growth or experienced breaking of the voice.
Testosterone
Serum levels of T increased signi®cantly from baseline of 5´3 6 0´9 nmol/l (day 0) to T levels of 24´3 6 2´9 nmol/l 1 week after the 1st TU injection (P < 0´001). Thereafter, T levels decreased continuously to 12´4 6 1´2 nmol/l in week 6 directly before the 2nd injection of TU. Maximal T levels 1 week after the 3rd (37´2 6 3´9 nmol/l) and 4th TU injection (40´8 6 3´8 nmol/l), respectively, were not signi®cantly different. Serum levels 6 weeks after the 3rd (25´0 6 2´0 nmol/l) and 4th TU injections (25´6 6 2´1 nmol/l), respectively, were also not signi®cantly different (Fig. 1 ).
DHT and oestradiol
Serum levels of DHT and oestradiol increased signi®cantly after TU injections (P < 0´001) and essentially followed the serum T pattern. During the entire observation period mean serum levels of both steroids never exceeded the upper limits of normal (Fig. 1) .
SHBG
Serum levels of SHBG decreased signi®cantly from 56´4 6 13´8 nmol/l to 38´1 6 6´6 nmol/l at the end of the study (P < 0´001) (Fig. 1) .
Gonadotrophins
In the 7 patients with primary hypogonadism FSH serum levels were signi®cantly suppressed from 40´0 6 6´7 U/l on day 0 to 3´1 6 1´6 U/l at the end of the study (P < 0´001). In parallel, LH levels decreased signi®cantly from 25´5 6 4´8 U/l on day 0 to 1´5 6 0´7 U/l at the end of the study (P < 0´001).
Clinical chemistry and haematology
Values from routine clinical chemistry (sodium, potassium, calcium, chloride, albumin, total protein, glucose, alkaline phosphatase, creatinine, ASAT, ALAT, gamma GT, total bilirubin and uric acid as well as prothrombin time and Quick test as clotting tests) did not show clinically relevant changes during the study period. Serum levels of cholesterol (P 0´01) and HDL cholesterol (P < 0´001) were lowered signi®cantly during testosterone therapy. Triglycerides and LDL cholesterol remained unchanged throughout the study.
Haemoglobin increased signi®cantly from a baseline level of 142 6 3 g/l to 154 6 4 g/l at the end of the study (P 0´001). Similarly, haematocrit increased signi®cantly from 42´5 6 1´1% to 45´7 6 1´0% (P 007). Erythrocytes increased signi®cantly from 4´8 6 0´1´10 À12 /l to 5´1 6 0´1´10 À12 /l (P 0´001).
Body weight
Body weight increased signi®cantly from an initial mean of 82´3 6 3´8 kg (day 0) to 85´8 6 3´7 kg at the end of the study (P < 0´001) (Fig. 2) .
Sexual function
During detailed interviews at each visit patients expressed the subjective impression of improved wellbeing and sexual function. They particularly reported improved emotional stability. According to the standardized questionnaire there was a signi®cant increase of morning erections (2´7 6 0´7 per 760 E. Nieschlag et al. week at baseline, 4´4 6 0´7 at the end of the study; P 0´003) and ejaculations (1´3 6 0´4 per week at baseline, 4´5 6 1´0 at the end of the study; P < 0´001) (Fig. 3) .
Prostate
There was a slight, but statistically signi®cant, increase in prostate volume from an initial size of 13´6 6 2´4 ml to 15´7 6 2´0 ml at the end of trial (P 0´031) (Fig. 4) . In parallel, PSA levels increased signi®cantly from 0´6 6 0´3 mg/l on day 0 to maximal levels of 1´2 6 0´7 mg/l in study week 19 and 1´1 6 0´6 mg/l at the end of the study (P 0´003).
Discussion
In a previous phase-I pharmacokinetic study we found a terminal half-life for serum testosterone of 33´9 6 4´9 days (mean 6 SEM) following the intramuscular injection of 1000 mg TU (Behre et al., 1999a) . Extrapolating from these single TU injections we estimated that 6-week injection intervals would be required to substitute hypogonadal patients suf®ciently with 1000 mg intramuscular TU injections. The results of the present study show that this dosage scheme provides serum T levels always above the lower limit of normal. In fact, the slowly increasing serum T levels at the end of the injection intervals and just following the next injection indicate that the intervals can be extended even further, probably up to 10 weeks and more. The drastically reduced frequency of the injections, in comparison to TE, makes intramuscular TU a very desirable modality for T substitution, since patients on conventional TE complain most about the inconveniently short intervals between injections. In comparison to the Chinese TU preparations in tea seed oil (Zhang et al., 1998; Behre et al., 1999a) , the preparation in castor oil used in the present study provides a longer half-life (i.e. 33´9 6 4´9 days vs. 23´7 6 2´7 days) and therefore makes this preparation more desirable than the tea seed oil preparation.
The positive effects of T on mood and emotion are well documented (Hubert, 1990; Wang et al., 1996) . Although the repeated TU injections do not result in constant serum T levels as considered ideal for substitution purposes ) the patients on TU did not complain about mood-swings as under TE, but were emotionally stabilized. Similarly, patients substituted by T implants do not complain about emotional instability although T implants produce initially high serum T levels steadily declining thereafter (Handelsman, 1998) . Apparently, patients are sensitive to the short kinetic uctuations produced by TE, but tolerate more extended swings in serum T much better.
Minimal side-effects were noted during the study. Two patients complained about mild acne, 1 in addition about minimal gynaecomastia and 2 further patients about breast tenderness. Serum oestradiol levels increased in parallel to serum T levels and might be responsible for these complaints although serum oestradiol did not exceed the upper limit of normal. With injection intervals extended further the serum oestradiol levels should remain lower and the oestrogenic effects should disappear. The increase in body weight is due to the anabolic effect of T and most probably re¯ects an increase in lean body mass . Similarly, the slight but signi®cant increase in prostate volume is a speci®c androgen effect. Since prostate volumes were below the normal range at the beginning of the study, TU resulted in a normalization of prostate volumes, but prostate volumes still remained low. Even longer treatment with TU should not result in supranormal prostate volumes, since long-term treatment with T (Behre et al., 1994; 1999b) or anabolic steroid misuse (Jin et al., 1996) did not cause prostate hypertrophy. It should also be noted that PSA increased only slightly within the normal range, re¯ecting the normalized function of the organ as seen in other patients on effective substitution (Behre et al., 1994) . Similarly, the increase in red blood cell parameters can be interpreted as a shift to normality (von Eckardstein & Nieschlag, 1998) . SHBG levels are lower in normal than in hypogonadal men (Anderson, 1974) . It is therefore not surprising that effective T substitution of hypogonadal men results in decreased SHBG serum levels. The decrease in SHBG in the presence of high serum T levels indicates that the free serum T probably increases even more than total serum T and that injection intervals in future trials could be extended further.
Summarizing the results of the present study, intramuscular testosterone undecanoate shows an effective therapeutic pro®le justifying its further development towards a new modality for testosterone substitution in hypogonadal men. The characteristics described here and the prolonged injection intervals also make intramuscular testosterone undecanoate an attractive candidate for hormonal male contraception. Fig. 4 Prostate volumes from 13 hypogonadal men before and during intramuscular testosterone undecanoate injections, 1000 mg every 6 weeks.
